Objective: To determine the ability of a pre-tied ligature loop (PLL) to create a seal against physiological airway pressures after total lung lobectomy and report outcomes in dogs requiring lung lobectomy. Study design: Ex vivo experimental randomized study and clinical case study.
| INTRODUCTION
The indications for total lung lobectomy in dogs include pulmonary neoplasia, cysts, bullae, blebs, atelectasis, abscesses, lacerations, bronchiectasis, bronchoesophageal fistula, lung lobe torsion, and pulmonary emphysema. 1, 2 Total lung lobectomy is performed by suture ligation of the airway and vessels individually or, more commonly, by using a surgical linear stapling device, which produces a fast, effective seal of the entire hilus. 1 Most linear stapling devices have been designed and manufactured for human patients, so they are not
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optimized for use in dogs and cats; they can be bulky and awkward to place correctly during surgery, particularly in smaller patients. 3 Pre-tied ligature loops (PLL) are designed to facilitate ligation of vascular pedicles in human surgery, particularly for minimal invasive surgery. 4, 5 The PLL is a commercially available, ready-made, 45-cm suture loop that is passed through a long, thin plastic tube, tapered at the loop end, and circumferentially scored at the other end where the suture attaches. When the loop has been positioned, the scored end is snapped and pulled toward the surgeon while the tube is pushed along the material, thus pushing and securing the knot. In human surgery, PLL are used for partial lung resection in patients with bullous disease 6, 7 and in laparoscopic procedures such as appendectomies and salpingooophorectomy. 4, 5 Their simple construction makes PLL a cost effective option because they are less expensive than a linear stapling device. Pre-tied ligature loops have been described for complete or partial liver lobectomies in dogs and cats [8] [9] [10] [11] and for lung biopsy in dogs. 12 In dogs, the PLL has been evaluated as a safe method of tissue biopsy up to 3 cm from the lung lobe margin in a canine cadaver model. 12 However, the cartilaginous support and larger diameter of the bronchi at the hilus may be more challenging to occlude with an encircling ligature, and, to the best of the authors' knowledge, there are no reports of total lung lobectomy using this method in humans or companion animals. The objective of this study was to determine the ability of a PLL to create a seal against physiological airway pressures after total lung lobectomy and report outcomes in dogs requiring lung lobectomy. Our hypothesis for the cadaveric study was that there would be no difference in the incidence of leakage between the linear stapler, PLL, and suture ligation techniques up to a pressure of 80 mm Hg. If an effective airway seal was demonstrated in the ex vivo study, we hypothesized that the PLL would provide an adequate airway and vascular seal for clinical cases undergoing total lung lobectomy.
| MATERIALS AND METHODS

| Cadaveric study
Entire lung sets with intact tracheas were harvested from dogs that weighed 20-40 kg and had no history or gross evidence of pulmonary disease. The dogs had been euthanized for reasons unrelated to this study. Ethical approval was granted prior to commencement of the study (Study no. CR211) by the Department of Veterinary Medicine, University of Cambridge Ethics and Welfare Committee.
Testing was performed immediately after euthanasia or after storage for up to but not more than 12 hours at 4
C. An appropriately sized endotracheal tube was inserted through the larynx and down the trachea; it was secured with a cable tie to create an airtight seal ( Figure 1 ). The tube was attached to a manometer and a manual air pump. The hilus of each individual lung lobe, including bronchus and pulmonary vessels, was isolated to create a pedicle as described in the following 3 techniques. The lung lobes were randomized to undergo 1 of 3 lobectomy techniques: group 1, linear stapler; group 2, PLL; and group 3, suture ligation. Ten lobes were randomly assigned to each of the 3 groups for testing. For group 1 lobes, the Proximate Reloadable Vascular Linear Stapler (TX30V; Ethicon, Somerville, New Jersey) was used according to manufacturer guidelines. The staple line was placed across the entire hilus, ensuring that the bronchus and both the pulmonary vein and artery specific to the individual lobe were included, and positioned as centrally as possible within the applicator. The lobe was resected distal to the staple line with a No. 11 scalpel blade by using the stapler cartridge as a cutting guide. The stapler was disengaged and removed prior to leak testing. For group 2 lobes, one 2-0 polydioxanone PLL (Endoloop PDS II; Ethicon) was placed around the hilus by passing the encircling ligature over the lobe to incorporate the bronchus, pulmonary artery, and vein en bloc (Figure 2 ). The loop was tightened according to manufacturer guidelines by using the integral knot pusher; it was then retightened after 5 seconds to compensate for any mechanical creep of the compressed tissue. The lung lobe was resected 5-10 mm distal to the ligature, and the suture was cut, leaving an end longer than 3 mm. 13 For group 3 lobes, a traditional suture ligation technique 1 was performed with 3-0 polydioxanone (PDS Plus; Ethicon), individually ligating the bronchus with preplaced horizontal mattress sutures and pulmonary vessels with encircling sutures. For the PLL, the lung lobe was resected 5-10 mm distal to the ligatures, and the sutures were cut, leaving an F I G U R E 1 For the ex vivo testing, an appropriately sized endotracheal tube was inserted into the larynx and down the trachea; it was secured with a cable tie to create an airtight seal end longer than 3 mm. 13 Each of the bronchial stumps was clearly marked to indicate which technique had been employed ( Figure 3 ). After lung lobectomy, the bronchial stumps were submerged in water (Figure 4) , and the mainstem airway pressure was gradually increased to a maximum of 80 mm Hg or until bubbles were seen; the pressure and mode of failure were recorded when air leakage was identified. After a leak was encountered and the pressure had been recorded, the affected bronchus was oversewn or clamped to enable the remaining bronchial stumps to continue to be inflated to 80 mm Hg. The bronchial stumps were once again submerged, and the pressure was gradually increased. Physiological airway pressure (and therefore a threshold for clinically relevant leakage) was set at an intraluminal airway pressure of 15 mm Hg. 12, [14] [15] [16] The ex vivo study was performed by 1 investigator, who was a second year surgical resident.
| Statistical analysis
Randomization in the ex vivo study was performed for all lung lobes in a commercially available randomization tool F I G U R E 3 Each of the bronchial stumps from all 3 groups are clearly marked to indicate which technique had been employed F I G U R E 2 A pre-tied ligature loop is placed around the hilus by passing the encircling ligature over the lobe to incorporate the bronchus, pulmonary artery, and vein en bloc F I G U R E 4 Each bronchial stump was submerged in water, and the mainstem airway pressure was gradually increased to a maximum of 80 mm Hg or until bubbles were seen (Windows Excel 2013; Microsoft, Redmond, Washington). The incidence of failure was compared among groups by using Fisher's exact test (2 × 3 table). Statistical testing was performed in commercially available software (R version 3.3.0 for Mac; http://www.r-project.org), and P < .05 was considered significant.
| Clinical cases
Client-owned dogs presenting to the Department of Veterinary Medicine, University of Cambridge and the Royal (Dick) School of Veterinary Studies, University of Edinburgh, for treatment of pulmonary disease in which total lung lobectomy was indicated were prospectively recruited after analysis of the results of the cadaveric study. Informed owner consent was obtained prior to surgery. After routine thoracotomy and dissection of the lung lobe, the PLL was placed around the hilus of the affected lung lobe ( Figure 5 ) and tightened, and the lung lobe was resected as described previously. One or 2 PLL were placed at the bronchial hilus at the surgeon's discretion. The bronchial stump ( Figure 6 ) was cut 5-10 mm from the suture and was leak tested by submersion in a warm saline flooded thorax 2 or 3 times to an intra-airway positive pressure of 15 mm Hg in each patient. When required, the loop diameter was increased up to a diameter of 15 cm by shortening the plastic application device to allow the loop to pass over tumors and lung lobes larger than 8 cm in diameter, as described in a previous study. 10 reduced to <4 mL/kg/day provided that the volume of air retrieved was minimal/zero. All dogs were discharged with meloxicam (0.1 mg/kg orally) to be given for 14 days postoperatively.
| RESULTS
Entire lung sets were harvested from 5 mature dogs, 1 greyhound, 1 Labrador retriever, 1 Staffordshire bull terrier, 1 English pointer, and 1 crossbreed, with a median bodyweight of 25 kg (range 22.5-35). Creation of a suitable tracheal seal for lung inflation was successful in all dogs. Successful removal of all cadaveric lung lobes was performed without technical difficulties regardless of the technique used. Details of the randomized lung lobe group distribution are presented in Table 1 . In group 1, 1 of 10 (10%) lobes leaked from the left cranial bronchi at a physiological pressure of 5 mm Hg, and 2 of 10 (20%) leaked from the accessory and right caudal bronchi at supraphysiological pressures of 50 and 64 mm Hg. When air leakage occurred, it was from either the beginning or the end of the staple lines. In group 2, no leaks were observed. In group 3, 4 of 10 (40%) lobes leaked during testing; all lobes leaked at supraphysiological airway pressures of 30, 60, 65, and 70 mm Hg (median, 62.5; range, 30-65), 1 from the right caudal, 2 from the right middle, and 1 from the left caudal bronchi. Air leakage occurred from varying points along the suture line, with no suture slipping or breaking. There was no difference in the number of bronchial stumps failing testing among the groups (P = .15).
After completion of the cadaver study, PLL was successfully employed for total lung lobectomy in 5 dogs (Table 2) with median body weight of 17 kg (range [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Signalment, surgical approach, lung lobe resected, results of leak test, histopathological diagnosis, complications, and followup findings are presented in Table 2 . One PLL was placed around the bronchial hilus in 2 dogs, and 2 PLL were placed around the bronchial hilus in 3 of the dogs, at the supervising surgeon's discretion. In 1 dog, the loop of the 2 PLL that were used had to be enlarged to allow the lung lobe and tumor to be passed through the loop, as previously described. 10 A 5-10 mm bronchial stump was achieved in all 5 cases. No complications were encountered during surgery, and all dogs recovered smoothly from anesthesia. All thoracic drains were removed within 24 hours of surgery; serosanguinous fluid production was less than 4 mL/kg/day, and no significant volume of air had been aspirated. All dogs survived to discharge. Three of the dogs had veterinary reexamination records of over 6 months available, and, in these dogs, no long-term complications or deviations from expected clinical recovery were identified.
| DISCUSSION
In this cadaveric study, the PLL was both a reliable and an effective method for bronchial occlusion during total lung lobectomy, with no difference in the incidence of leakage up to a pressure of 80 mm Hg among the linear stapler, PLL, and suture ligation techniques, allowing consideration of this device as an alternative clinical technique in dogs.
A maximum experimental airway pressure of 80 mm Hg was selected for our ex vivo study, which was approximately 5 times the physiological airway pressures described for canine lungs in previous studies; 12, 15, 16 however, this has no clear scientific basis, and actual airway pressures may at times exceed this (eg, during coughing). Because of the potentially fatal consequences of an air leak in a clinical patient, a wide safety margin was considered important. All PLL completed testing without failure, whereas 3 stapled bronchi and 4 hand sutured bronchi leaked. The failure of bronchi in these latter 2 groups could represent either a true failure of the technique or operator error as the investigator was a surgical resident-in-training. All surgical techniques are subject to error, and this cadaver study may demonstrate the low learning curve and simplistic application of the PLL compared with the other techniques. One stapling device leaked at 5 mm Hg, which is a physiological pressure. This finding emphasizes the importance of leak testing intraoperatively to allow this potential event to be identified and successfully addressed with additional suture/clips/staples. Failure of an airway seal in the postoperative period is likely to be more critical for the patient, requiring a second surgical procedure to address or being potentially fatal if unrecognized. Failure in this period may be due to cyclical changes in airway pressure during respiration, which was not evaluated in our experimental model. Postoperative pneumothorax was not, however, documented in any of the clinical patients.
Achieving an effective airway seal is essential when lung lobectomy is performed; adequate hemostasis of the pulmonary artery and vein is similarly important, but this was not evaluated in our cadaveric study. The effectiveness of a PLL for hemostasis is, however, supported by several previous in vivo studies that provided evidence for its clinical use for complete and partial liver lobectomies in dogs and cats 8, 10, 11 and for gastrointestinal and urogenital applications in man. 4, 5 From our clinical experience, we estimate that the pulmonary vessels in dogs are of similar size compared to the hepatic lobar vessels, and, thus, effective occlusion of these vessels was anticipated to be possible with this technique. To the best of the authors' knowledge, there are no previous reports in the veterinary or human literature of the use of a PLL for pulmonary vessel ligation. In addition, because the PLL was successful in providing an effective seal of the bronchus in cadavers, we expected that the adjacent, more compliant pulmonary vessels would be similarly occluded. The mean systolic pulmonary arterial pressure in mammals at sea level is 25 mm Hg, 17 which is substantially lower than the maximal bronchial main stem pressure tested for the PLL ex vivo (80 mm Hg).
With effective bronchial sealing having been demonstrated in the ex vivo study and vessel occlusion anticipated to be successful, this technique was clinically applied to 5 dogs. Total lung lobectomy as treatment for pulmonary neoplasia was performed in each dog by using either 1 or 2 PLL applied at the hilus, depending on surgeon confidence in the security of the initial ligation (not because of any intraoperative complications).
We acknowledge that a linear stapling device could have been used with little difficulty in most of the clinical cases reported in this study; however, possible advantages of the PLL over a linear stapling device include ease of maneuverability within the confines of the thoracic cavity, low cost, and ease of use even by inexperienced surgeons. In addition, in 1 of our clinical patients, the PLL was used successfully in a thoracoscope-assisted procedure, which would alternatively have required a more specialized angled endoscopic stapling device. The most important limitation of the PLL device is its maximal diameter, which restricts its use to small-medium solitary lung masses that can pass through the loop without risk of rupture or damage that could result in tumor seeding. The maximal loop diameter of this commercial device is 15 cm when using the modification described in a previous study. 10 A similar suture loop can be handcrafted by tying a
Roeder knot and using a knot pusher; however, there are several modifications of the Roeder knot, 18 and the information regarding which of the modifications is used for the commercial PLL in this study is unknown, so the data presented in this study should not be extrapolated to use of a selfconstructed loop and knot. A potential disadvantage of the PLL compared with linear stapling is the loss of blood supply to the bronchial stump resulting in necrosis, which could in turn lead to ligature slippage. The B-shaped design of the closed staple line theoretically continues to allow capillary perfusion, with the presumed benefit that avoiding tissue necrosis will prevent such subsequent complications. Although the tissue distal to the PLL presumably is not vascularized, no associated postoperative complications were observed in our population of dogs, which is consistent with similar circumferential ligatures placed at other pedicle sites (eg, liver hilus). Although long-term follow-up for these cases is limited to a median of 6 months, this possible complication would be expected to occur in the immediate postoperative period.
An additional potential risk of a circumferential ligature such as the PLL is the postoperative development of an arteriovenous (A-V) shunts. Arteriovenous shunts in companion animals are, however rare; most reported cases are congenital or associated with trauma or neoplasia. [19] [20] [21] [22] [23] [24] To the best of the authors' knowledge, only 1 A-V fistula, which occurred in the inguinal region of a dog approximately 6 years after castration, has been reported as a likely result of a surgical ligature. 25 In addition, during lung lobectomy, the artery and vein are separated by the cartilaginous bronchus, and, when the hilus is circumferentially ligated, the risk of A-V communication is likely to be further reduced by the interposition of this bronchial tissue. Although we do not report long-term outcomes >7 months in this study, the risk of iatrogenic A-V shunt formation after surgery is, in the authors' opinion, very low and unlikely to be an important concern.
Limitations of the ex vivo study include its cadaveric nature and the lack of pathology present within the lung lobes. The investigations were carried out by a surgical resident-intraining, so the results reflect the surgical skill of someone with a similar level of training. In addition, during the cadaver study, the integrity of the PLL was not cyclically tested, which may better represent the clinical situation. Although we have not encountered any complications with clinical use of the PLL, ligature failure when exposed to cyclical pressures remains a potential risk. The maximum bodyweight of cadavers tested in this study was 35 kg; extrapolation of these results to larger dogs with greater diameter bronchi should be avoided. The bronchial diameters were not recorded during testing. After review of 10 thoracic computed tomography results from dogs of similar breeds and weight group to those included in the ex vivo study, we found that median bronchial diameter was left cranial, 9 mm; left caudal, 8.4 mm; right cranial, 6.25 mm; right middle, 6 mm; right caudal, 8 mm; and accessory, 6.6 mm. The relatively small sample introduces a type II error in statistical comparison of the lobectomy methods. There are no data in the literature on which to base a prestudy power calculation. A sample size calculation based on the results of the ex vivo part of our study setting power at 80% and P < .025 (Bonferroni correction applied) predicts that a statistical difference in the 3 lobectomy methods would be found by using 26 lung lobes in each group. Although live tissue may behave differently, we suggest that a minimum of 26 single lung lobectomy dogs per group be included in future clinical studies comparing the techniques tested here if the objective is to determine whether the intraoperative performance of ligating loops is superior to the other lobectomy methods.
In conclusion, the incidence of air leakage did not differ after lobectomy with the PLL, ligations, or stapler in dogs up to 35 kg. The PLL was subsequently used to treat 5 live dogs weighing up to 25 kg, with no perioperative or postoperative hemorrhage or air leakage. The cost efficiency and ease of use of this device make it attractive as an alternative to using surgical staplers. The findings of this study provide evidence to justify clinical evaluation in a larger population to provide more evidence regarding the efficacy of the device for complete lung lobectomy in dogs and to determine interoperator variability, appropriate case selection, and potential for late postoperative complications.
